Host cell adhesion assays that provide quantitative insight on the potential of lactic acid bacteria (LAB) to inhibit adhesion of intestinal pathogens can be leveraged for the development of niche-specific anti-adhesion therapy. Herein, we report a dualcolour flow cytometry (FCM) analysis to assess the ability of probiotic Lactobacillus plantarum strains to impede adhesion of Enterococcus faecalis, Listeria monocytogenes and Staphylococcus aureus onto HT-29 cells. FCM in conjunction with a hierarchical cluster analysis could discern the anti-adhesion potential of L. plantarum strains, wherein the efficacy of L. plantarum DF9 was on a par with the probiotic L. rhamnosus GG. Combination of FCM with principal component analysis illustrated the relative influence of LAB strains on adhesion parameters k d and e m of the pathogen and identified probiotic LAB suitable for anti-adhesion intervention. The analytical merit of the FCM analysis was captured in host cell adhesion assays that measured relative elimination of adhered LAB vis-a-vis pathogens, on exposure to either LAB bacteriocins or therapeutic antibiotics. It is envisaged that the dual-colour FCM-based adhesion assay described herein would enable a fundamental understanding of the host cell adhesion process and stimulate interest in probiotic LAB as safe anti-adhesion therapeutic agents against gastrointestinal pathogens.
INTRODUCTION
The use of antibiotics to counter bacterial infections in the gastrointestinal tract can be counterproductive owing to the eradication of the beneficial gut microbes and subsequent colonization by antibiotic-resistant opportunistic pathogenic strains [1] . This underpins the need for a therapeutic intervention, which does not generate a selection pressure and favour the persistence of antibiotic-resistant strains. Conceivably, adhesion inhibition therapy can be an efficient strategy to counter gastrointestinal infections as adhesion of the pathogen to intestinal cells is a key step in pathogenesis [2] [3] [4] [5] . Amongst the various approaches, bacteria-based therapy using probiotic lactic acid bacteria (LAB) has come to the forefront [6] [7] [8] [9] [10] [11] [12] . Probiotic LAB not only endure the harsh environment of the intestinal niche, but can also prevent pathogen colonization by occluding host cell receptors, producing antimicrobial peptides such as bacteriocins and other metabolites [13] [14] [15] [16] [17] . Adhesion to an extracellular matrix and intestinal cells is a critical feature of probiotic LAB strains [18] [19] [20] [21] [22] . Further, such LAB strains, which exhibit high adhesion propensity and produce bacteriocin are likely to sustain and colonize the intestine effectively [15, 23, 24] and thus hold considerable potential in antiadhesion therapy. This premise is further vindicated in studies that demonstrated the potential of probiotic LAB as an effective treatment regimen for gastrointestinal ailments [25] [26] [27] [28] [29] .
In order to harness the prospect of probiotic LAB as an anti-adhesion agent, it is pertinent to develop a fast, reliable and reproducible host cell adhesion assay, which can simultaneously probe the relative adhesion of LAB and pathogens onto host cells. Development of such an assay would not only provide a fundamental understanding of the adhesion process per se, but would also quantify adhesion of LAB and pathogens onto host cells, unravel the influence of LAB on the adhesion process of pathogens onto host cells, and provide a guideline to select an appropriate probiotic LAB that can be explored for anti-adhesion therapy. Further, it is also envisaged that the developed host cell adhesion assay can perhaps be leveraged to ascertain the potential of antimicrobial agents such as therapeutic antibiotics and LAB bacteriocins to counter adhesion of gastrointestinal pathogens and also quantify collateral damage by probing the relative adhesion of LAB vis-a-vis pathogen onto host cells.
Amongst the various techniques used to study adhesion of bacteria onto intestinal cells, the relevant methods are plating in selective media, measurement of fluorescence emission following genetic modification, imaging studies and use of markers for antibody-based tagging [30, 31] . However, some of these methods have limitations and can introduce an unwarranted bias owing to genetic modification of the strain. Flow cytometry (FCM) is emerging as a powerful tool to probe and quantify various physiological aspects of microbe-host interactions and its application potential has been vindicated in the detection of malaria, tuberculosis or polio virus infection and bacterial endotoxin-mediated acceleration of metastatic colorectal cancer [32] [33] [34] . FCMbased assays have provided insights on bacterial adhesion such as adhesion of Streptococcus pyogenes to epithelial cells and the role of fibrinogen-binding protein to host cell adhesion of group A Streptococcus [35, 36] .
FCM is endowed with an inherent ability to analyse and quantify cell populations on a real-time basis and thus offers an exciting prospect to study adhesion of probiotic LAB onto host cells and their ability to impede pathogen adhesion. Based on this rationale, in the present study, we report a dual dye-based FCM analysis in order to assess the ability of probiotic strains of Lactobacillus plantarum to inhibit adhesion of pathogenic bacteria Enterococcus faecalis, Listeria monocytogenes and Staphylococcus aureus onto model human intestinal cells (HT-29 cells). The FCMbased assay in conjunction with principal component analysis was used to compare the potency of native L. plantarum strains in inhibiting pathogen adhesion as well as to probe the mechanistic facets of the adhesion inhibition process on HT-29 cells. The application potential of the adhesion assay was finally validated by measuring the relative abrogation of adhered LAB vis-a-vis pathogen, upon exposure to either LAB bacteriocins or conventional therapeutic antibiotics.
METHODS
Reagents and growth media 5 (and 6) carboxyfluorescein diacetate succinimidyl ester (cFDA-SE), 5-carboxy-tetramethylrhodamine N-succinimidyl ester (TAMRA-SE), 2-(4-amidinophenyl)-6-indolecarbamidine dihydrochloride (DAPI), Triton X-100, Dulbecco's modified Eagle's medium (DMEM), penicillin, streptomycin and trypsin-EDTA solution were obtained from Sigma-Aldrich Chemicals, USA. Brain heart infusion (BHI) broth, de Man, Rogosa and Sharpe broth were procured from HiMedia, Mumbai, India.
Bacterial strains
Lactobacillus plantarum strains used in the present investigation were isolated previously from indigenous food sources and characterized for their probiotic and bacteriocinogenic traits [22, 37] . Lactobacillus rhamnosus GG and the native L. plantarum strains were grown as described previously [22] . Listeria monocytogenes Scott A, Enterococcus faecalis MTCC 439 and Staphylococcus aureus MTCC 740 were grown in BHI broth at 37 C and 180 r.p.m. for 12 h.
HT-29 cell culture HT-29 cells were grown in 25 cm 2 tissue culture flasks in DMEM supplemented with 10 % (v v À1 ) FBS, 2.0 mM glutamine, 1.0 mM sodium pyruvate, 100 units ml À1 penicillin and 50 mg ml À1 streptomycin at 37 C in a humidified 5 % CO 2 incubator until the cells were approximately 90 % confluent. Prior to adhesion experiments, the HT-29 monolayer was washed twice with sterile PBS, trypsinized and transferred to a 24-well multi-dish (1Â10 4 cells per well) having fresh DMEM and incubated at 37 C in 5 % CO 2 . Subsequently, the monolayer of HT-29 cells was propagated for 7 days, with a change of medium every 2 days and used at late post-confluence stage for the adhesion assays.
Analysis of bacterial adhesion onto HT-29 cells by single-colour FCM and the plating method
A stock solution of cFDA-SE and TAMRA-SE (500 µM each) was prepared in ethanol and stored at À20 C. The selected LAB and non-LAB bacterial strains were grown overnight and harvested by centrifugation at 3000 g for 10 min. The cell pellet was washed twice with sterile PBS and resuspended in the same. The LAB and the non-LAB strains were then labelled with cFDA-SE or TAMRA-SE, respectively (final concentration of 50 µM) at 37 C for 20 min. The labelling reaction was terminated by pelleting the cells followed by washing twice with sterile PBS to remove excess dye molecules. A 100 µl aliquot of labelled LAB or pathogen cells (8.0 log 10 c.f.u. ml À1 in DMEM) were then added in separate sets to a 24-well multi-dish containing HT-29 cells in DMEM and incubated at 37 C in 5 % CO 2 atmosphere for 2 h. Subsequently, the supernatant was aspirated and HT-29 cells were washed twice with 1.0 ml of sterile PBS. In order to enumerate the adhered bacteria by FCM, 1.0 ml of 0.05 % Triton X-100 was added to each well and incubated for 10 min to specifically lyse the mammalian cells. The lysates were then subjected to FCM on a FACS Calibur flow cytometer (Becton-Dickinson Immunocytometry Systems, San Jose, CA, USA) equipped with a 15 mW, 488 nm, air-cooled argon ion laser. FCM was performed at a low flow rate and the instrument was adjusted to acquire 30 000 events. Unlabelled cells were used to compensate for cellular autofluoresence and to set the appropriate voltage and threshold parameters. Forward-angle light scatter versus side scatter plots were analysed to detect bacterial cells. Detection of green fluorescence of cFDA stained cells was accomplished through the FL1 channel (band pass filter of 530/30 nm), while red fluorescence of TAMRA stained cells were detected through the FL2 channel (band pass filter of 630/40 nm). Data acquisition was performed with CellQuest Pro software (BD CellQuestTM Pro Version 6.0, Becton-Dickinson, USA). Data analysis was performed with FCS Express 5.0 (DeNovo Software). Following FCM analysis, the median fluorescence intensity observed in the dot plot for the labelled bacteria (LAB or pathogen) adhered onto HT-29 cells (F A ) was compared to the median fluorescence intensity obtained for the total labelled bacterial cells (LAB or pathogen), which was used initially for the adhesion assay (F T ). For every bacteria, adhesion was ascertained by comparing F A and F T values and expressing the results as a percentage of adhesion [(F A /F T )Â100]. All experiments were performed in triplicate and the mean and SD was calculated.
Estimation of bacterial adhesion onto HT-29 cells was also carried out by the plating method as described previously [22] . Adhesion for the bacterial strains was expressed as % adhesion as compared to control (initial number of cells used for the adhesion assay). All experiments were performed in triplicate and the mean and SD was calculated.
Dual-colour FCM to study inhibition of pathogen adhesion on HT-29 cells by L. plantarum strains Initially the LAB and non-LAB strains (E. faecalis MTCC 439 and S. aureus MTCC 740) were labelled with cFDA-SE and TAMRA-SE, respectively, as described previously. To ascertain the potential of the LAB strains in inhibiting pathogen adhesion onto HT-29 cells, adhesion assays were conducted in exclusion, competition and displacement modes by using varying pathogen concentrations (4.0 log 10 c.f.u. ml À1 , 6.0 log 10 c.f.u. ml À1 and 8.0 log 10 c.f.u. ml À1 ). In the case of exclusion, cFDA-SE-labelled LAB were first added in separate sets to confluent HT-29 cells grown in a 24-well multi-dish and incubated for 1 h, followed by washing and removal of non-adherent LAB by sterile PBS. Subsequently, TAMRA-SE-labelled E. faecalis MTCC 439 or S. aureus MTCC 740 were added in separate sets to the wells bearing the adhered LAB and further incubated for 1 h. In competition mode, LAB as well as the pathogens were added simultaneously to HT-29 cells and incubated for 2 h. The non-adherent cells from the experimental samples were aspirated and the cells were washed twice with sterile PBS. In the displacement mode, the pathogens were initially added to HT-29 cells in 24-well multi-dish plates and incubated for 1 h. The wells were then washed with sterile PBS to remove the non-adherent bacteria and cFDA-labelled LAB were added to the wells and incubated for 1 h. Subsequently, HT-29 cells containing the adhered bacterial cells from all three modes of adhesion assay were treated with 0.05 % Triton X-100 to selectively lyse the mammalian cells and the suspension containing the bacterial cells were then analysed using FCM. Detection of fluorescence signal, data acquisition and data analysis were accomplished as mentioned in the case of single-colour FCM. To estimate adhesion inhibition of pathogens by FCM analysis, the ratio of the population in percentage obtained from the upper left and lower right quadrant, which represent the percentage of TAMRA-labelled pathogens and cFDA-labelled LAB, respectively, were ascertained. All experiments were performed in triplicate and the mean and SD was calculated.
Estimation of process parameters for adhesion inhibition
To estimate the parameters of the adhesion inhibition process, varying concentrations (4.0 log 10 c.f.u. ml À1 , 6.0 log 10 c.f.u. ml À1 and 8.0 log 10 c.f.u. ml À1 ) of TAMRA-labelled pathogens were used in the exclusion, competition and displacement mode of the adhesion assay. Subsequently, FCM analysis was performed and the results were acquired as quadrant plots as mentioned previously. The quadrant plots were subjected to statistical analysis and the number of events obtained from the upper left quadrant (for pathogens) and the lower right quadrant (for LAB strains) was considered to assess the number of the adhered bacterial cells. The obtained number of events was then plotted against the concentration of bacteria added and the adhesion process parameters namely the dissociation constant (k d ) and maximum number of adhered cells (e m ) for the bacterial strains was calculated as described previously [18] .
Application of dual-colour FCM to study the effect of antibacterials in an in vitro adhesion model
The therapeutic antibiotics selected for these experiments comprised of vancomycin, gentamicin, ampicillin and ciprofloxacin. The bacteriocins used in these studies included plantaricin A, pediocin and enterocin, which were purified from L. plantarum DF9, Pediococcus pentosaceus CRA51 and Enterococcus faecium DF14, respectively, by following the cell-adsorption method described previously [37] . Initially, cFDA-labelled L. plantarum DF9 and TAMRAlabelled E. faecalis MTCC 439 (8.0 log 10 c.f.u. ml À1 each) were added onto a monolayer of HT-29 cells and incubated for 30 min. Subsequently, the non-adhered cells were aspirated and HT-29 cells bearing adherent bacteria were treated with the individual antibiotics (final concentration of 100 µg ml À1 each) in separate sets for 30 min. In another independent experiment, the adherent bacteria were treated with the individual bacteriocins (final concentration of 800 AU ml À1 each) in separate sets for 30 min. Subsequently, the HT-29 cells bearing adherent bacteria were lysed and dual-colour FCM analysis was pursued to ascertain the number of adherent LAB and pathogens, which was compared to the control (number of adherent LAB and pathogens in the absence of antibiotic or bacteriocin treatment) to estimate the change in host-adhered cells (%). All experiments were performed in triplicate and the mean and SD was calculated.
Imaging studies Prior to cell-imaging studies, HT-29 cells were seeded onto a 24-well multi-dish plate and grown in DMEM at 37 C until 90 % confluency under 5.0 % CO 2 . Subsequently, the cells were washed thrice with sterile PBS and incubated with IP: 54.70.40.11
On: Sun, 30 Dec 2018 05:03:15 5.0 µM DAPI for 30 min. Following DAPI-labelling, HT-29 cells were washed with PBS and incubated in separate sets with either cFDA-labelled L. plantarum DF9 (8.0 log 10 c.f.u. ml À1 ) or cFDA-labelled L. rhamnosus GG (8.0 log 10 c.f.u. ml À1 ) or TAMRA-labelled E. faecalis MTCC 439 (8.0 log 10 c.f.u. ml À1 ) for 2 h each. Subsequently, HT-29 cells were gently washed with PBS to remove any non-adherent or weakly adherent bacteria, and observed under a fluorescence microscope (Eclipse Ti-U, Nikon, USA) using appropriate filters (UV filter for blue emission, blue filter for green emission and green filter for red emission).
To study adhesion inhibition, E. faecalis MTCC 439 and L. plantarum DF9 were labelled with TAMRA-SE and cFDA-SE respectively, while HT-29 cells were labelled with DAPI. Subsequently, the three modes of adhesion inhibition assay were performed as described previously. Following adhesion, the cells were washed with PBS and the image was captured using appropriate filters as mentioned previously.
Statistical analysis
In Bland-Altman analysis, the adhesion percentages of the bacterial strains obtained through the plating and FCM methods were compared and the differences of the two paired measurements were plotted against the mean [38] . The agreement levels (95 % confidence) were calculated and Bland-Altman analysis was depicted as a plot (Graphpad Prism software Version 5.0). Hierarchical cluster analysis (HCA) of the quadrant plot obtained in FCM was accomplished by following a previously described method [39] . Principal component analysis of the adhesion inhibition assays was performed using a standard method [40] .
RESULTS AND DISCUSSION
Appraisal of in vitro adhesion potential of LAB onto HT-29 cells by FCM Pathogenic bacteria such as E. faecalis and S. aureus can be implicated in gastrointestinal infections [41] [42] [43] [44] . This premise has been highlighted in investigations, which indicate that antibiotic treatment can eliminate intestinal commensal flora, pave the way for increased pathogen colonization that can subsequently cause systemic bloodstream infections and also trigger antibiotic-associated diarrhea [45] [46] [47] [48] . In order to prevent colonization of the intestinal niche by E. faecalis and S. aureus, targeting the critical step of pathogen adhesion onto gastrointestinal cells can be considered a viable option [3, 49] . Given the strong adhesion potential and bacteriocinogenic trait of previously isolated L. plantarum strains [18, 22, 37] , it was envisaged, in the present study, that these probiotic LAB can perhaps be explored to mitigate adhesion of E. faecalis and S. aureus onto intestinal cells. To reinforce this prospect, it was imperative to develop a facile adhesion assay that can emulate the gastrointestinal niche, provide a fundamental understanding and insight on the adhesion of probiotic LAB on intestinal cells and evaluate their potential as anti-adhesion agents. To this end, the in vitro adhesion of cFDA-SE-labelled LAB strains and TAMRA-SE-labelled model pathogens onto HT-29 cells (intestinal cells) was initially ascertained by a single-colourbased FCM analysis. Dot plots for the LAB strains and the pathogens indicated that the median of the cell population shifted for the adhered cells as compared to the total cells used in the adhesion assay (Figs 1 and S1-S3, available in the online version of this article). Notably, in the case of L. plantarum DF9, the adhered cell population was 29.94 % and was on a par with the standard probiotic L. rhamnosus GG, wherein the adhered cell population was 31.18 % (Fig. 2a) . The dot plots also indicated that L. plantarum CRA21, L. plantarum CRA38, L. plantarum CRA49 and L. plantarum CRA52 could adhere onto HT-29 cells, albeit at a lesser level than L. plantarum DF9 and L. rhamnosus GG (Figs S1 and 2a ). The adhesion of L. plantarum and L. rhamnosus GG onto host cells can perhaps be attributed to the presence of adhesin proteins [50] [51] [52] [53] . Amongst the standard L. plantarum strains, L. plantarum MTCC 1325 and L. plantarum MTCC 1407 demonstrated relatively higher adhesion (Fig. S2 ). In the case of pathogens, adhesion of S. aureus MTCC 740 and E. faecalis MTCC 439 onto HT-29 cells was superior as compared to L. monocytogenes Scott A (Figs 2a and S3 ). The adhesion of bacterial strains estimated by FCM was also in agreement with the standard plating method (Fig. 2b) , vindicating the reliability of the FCM-based adhesion assay. This congruence was also captured in a Bland-Altman plot [54] , wherein most of the independently measured values were within the limits of agreement and there was an even distribution of data points in positive and negative regions of the plot (Fig. 2c) . In addition to FCM analysis, the use of cFDA-SE or TAMRA-SE as cell-labelling dyes also enabled selective visualization of adhered LAB or the model pathogens onto HT-29 cells by fluorescence microscopy (Fig. S4 ).
Dual-colour FCM can rank L. plantarum strains on the basis of their potential to inhibit pathogen adhesion Based on the encouraging results obtained in the single-colour FCM analysis, it was envisaged that simultaneous deployment of the differentially labelled bacterial cells in an adhesion assay can yield discriminating signals in FCM and provide a measure of adhesion inhibition of pathogens by the LAB strains. To this end, cFDA-SE-labelled LAB (8.0 log 10 c.f.u. ml À1 ) and varying concentrations of TAMRA-SE-labelled model pathogens (4.0 log 10 c.f.u. ml À1 , 6.0 log 10 c.f.u. ml À1 and 8.0 log 10 c.f.u. ml À1 ) were subjected to exclusion, competition and displacement modes of the in vitro adhesion assay followed by FCM. Analysis of the quadrant plot in the exclusion assay indicated that E. faecalis adhesion onto HT-29 cells was 1.03, 2.29 and 3.94 %, when the initial number of the pathogen used in the assay was 4.0 log 10 c.f.u. ml À1 , 6.0 log 10 c.f.u. ml À1 and 8.0 log 10 c.f.u. ml À1 , respectively ( Fig. 3a-c number of E. faecalis cells ( Fig. 3a-c, lower right quadrant) . It was noteworthy that the dual-label FCM could measure low levels of pathogen adhesion even in the backdrop of a high number of LAB adhered onto HT-29 cells (Fig. 3a-c , upper left quadrant and lower right quadrant). The significantly higher numbers of L. plantarum DF9 adhering onto HT-29 cells evident in fluorescence microscopy also vindicated the potential of the LAB to inhibit adhesion of E. faecalis onto HT-29 cells in the exclusion mode (Fig. 3d) . Presumably, the inherent adhesion propensity of L. plantarum DF9 led to a high niche occupancy, which perhaps hindered the invasion of E. faecalis MTCC 439 onto HT-29 cells in the exclusion mode. It may also be mentioned here that L. plantarum DF9 is known to secrete the bacteriocin plantaricin A [37] . Hence, in future it would be perhaps pertinent to systematically probe whether the host cell-adhered L. plantarum DF9 could secrete plantaricin A and also to ascertain the relevance of the secreted bacteriocin in hindering adhesion of E. faecalis onto HT-29 cells. In the competition mode, the degree of inhibition of the pathogen's adhesion onto HT-29 cells rendered by L. plantarum DF9 was diminished ( Fig. S5a-c analysis revealed that the number of L. plantarum DF9 adhered onto HT-29 cells was still higher than the adhered pathogen ( Fig. S5a -c, upper left quadrant and lower right quadrant), there was a reduction in the adhesion of L. plantarum DF9 with increasing number of E. faecalis cells (Fig.  S5a-c, lower right quadrant) . In the displacement mode, L. plantarum DF9 was virtually ineffective in abrogating the adhered pathogen, as a significant population of E. faecalis MTCC 439 cells (46.03, 57.71 and 59.4 %) was observed to adhere onto HT-29 cells (Fig. S5d-f, upper left quadrant) . The essential features of adhesion inhibition of E. faecalis rendered by L. plantarum DF9 in the competition and displacement modes evidenced in FCM analysis was also captured in fluorescence microscopy (Fig. S5g, h) . In a similar experiment, the dual label FCM analysis also indicated the propensity of L. plantarum DF9 to impede adhesion of S. aureus MTCC 740, albeit of a lesser magnitude as compared to E. faecalis MTCC 439 (Fig. S6 ).
From the quadrant plots, a measure of the ratio of adhered pathogen and LAB (ratio of the percentage obtained from the upper left and lower right quadrants) indicated that the efficiency of inhibiting pathogen adhesion onto HT-29 cells varied amongst the LAB, with L. plantarum DF9 and L. rhamnosus GG displaying the highest efficiency as reflected in the low values of the estimated ratio (Fig. 4a ). In the case of S. aureus MTCC 740, the ratio was found to be comparatively high, indicating lower inhibition of S. aureus MTCC 740 adhesion by the LAB strains (Fig. 4b) . The estimated ratios were subsequently used to perform HCA, which enabled us to classify the LAB strains based on their ability to inhibit adhesion of E. faecalis and S. aureus. Notably, the cluster comprising of L. plantarum CRA49, L. plantarum CRA52 and L. plantarum MTCC 1325 was separated from the cluster of L. plantarum CRA21, L. plantarum MTCC 1746, L. plantarum NCIM 2592 by a distance of only 2.25 units, indicating that the LAB strains belonging to these two clusters exhibit similar adhesion inhibition potential ( Fig. 4c ). On the other hand, the cluster comprising of L. plantarum DF9 and L. rhamnosus GG was separated from the cluster of L. plantarum MTCC 1407 and L. plantarum CRA38 by a large distance of 7.5 units, suggesting that there was a significant difference in adhesion inhibition potential between the LAB strains of these two clusters (Fig. 4c ).
Dual-colour FCM reveals relative changes in pathogen adhesion process parameters
To gain further insight, assessment of adhesion inhibition of varying concentrations of E. faecalis MTCC 439 and S. aureus MTCC 740 by the LAB strains was accomplished using the dual dye FCM, and the number of adhered cells was used to estimate the dissociation constant (k d ) and the maximum number of adhered cells (e m ) of the pathogen as mentioned previously [18] . In the absence of any pathogen, L. plantarum DF9 and L. rhamnosus GG demonstrated the lowest k d and highest e m indicating their high affinity to host cell receptors and their ability to adhere in large numbers onto host cells, while L. plantarum CRA21 and L. plantarum NCIM 2592 demonstrated inferior adhesion process parameters (Table S1 ). Further, in the absence of any LAB, E. faecalis MTCC 439 displayed a lower k d as compared to S. aureus MTCC 740, implying a superior strength of interaction with HT-29 cells (Table S1 ). Subsequently, the three modes of adhesion inhibition of E. faecalis MTCC 439 and S. aureus MTCC 740 were pursued with different LAB strains and the variables from the dose-dependent adhesion of the pathogen was used to derive k d and e m . In the exclusion mode, there was an increase in k d and decrease in e m for E. faecalis MTCC 439, and this tenet was unequivocally observed in the presence of all the LAB strains ( Fig. 5a, b ). The differences observed in the change in k d and e m of E. faecalis MTCC 439 in the presence of the LAB strains is perhaps a consequence of the inherent variations in the adhesion of the tested LAB strains onto HT-29 cells.
In the presence of L. plantarum DF9 and L. rhamnosus GG, the increase in k d was highest and the e m was markedly less (Fig. 5a, b) . In the exclusion model, the initial strong adhesion of L. plantarum DF9 or L. rhamnosus GG onto HT-29 cells as reflected in the lower k d of these LAB strains as compared to E. faecalis MTCC 439 (Table S1 ) could be critical for efficient exclusion of the pathogen. Further, L. plantarum DF9 and L. rhamnosus GG rendered a comparable change in the adhesion process parameters (k d and e m ) for E. faecalis MTCC 439 in the exclusion mode of the assay (Fig. 5a, b) , which can perhaps be attributed to the comparable adhesion of L. plantarum DF9 and L. rhamnosus GG onto HT-29 cells as observed in the FCM analysis using a single dye (Fig. 2a) . In competition mode, the adhesion process parameters of E. faecalis MTCC 439 was observed to change based on the LAB strain ( Fig. S7a, b ). For example, in the presence of L. plantarum DF9, the k d and e m for E. faecalis MTCC 439 were observed to be 7.26±0.2Â10 À6 log 10 c.f.u. ml À1 and 1.95±0.12 log 10 c.f.u. ml À1 per 10 000 HT-29 cells, respectively. It may be presumed that the higher binding affinity of L. plantarum DF9 as compared to that of E. faecalis MTCC 439 (Table S1 ) allowed L. plantarum DF9 to prevail over E. faecalis MTCC 439 in the adhesion assays conducted in competition mode. In the displacement mode, the inhibition of adhesion of E. faecalis MTCC 439 cells onto HT-29 cells was considerably lower (Fig. S7c, d) , wherein an increase in k d was observed only in the case of L. plantarum DF9 and L. rhamnosus GG. Presumably, the LAB strains had a nominal effect in the displacement mode owing to prior occupation of HT-29 cells by E. faecalis MTCC 439. It may be mentioned here that in the case of adhesion inhibition of S. aureus MTCC 740 by L. plantarum DF9, a similar trend was observed and the adhesion process parameters were observed to decrease albeit to a lesser magnitude as compared to E. faecalis (Fig.  S8 ).
Principal component analysis provides insights on the inhibition of pathogen adhesion by LAB strains
A holistic and critical understanding of the change in adhesion process parameters, i.e. k d and/or e m of the pathogen by the LAB strains, could perhaps provide a better guideline for selection of LAB strains, that hold potential in inhibiting pathogen adhesion onto intestinal cells. To this end, a principal component analysis was performed [40, 55] based on the relative change in k d and e m of the pathogens in the presence of various LAB strains. It was interesting to observe that L. rhamnosus GG, L. plantarum DF9, L. plantarum CRA38 and L. plantarum MTCC 1407 exhibited a high value for component 1 (Fig. 5c, Table S2 ), imparted a significant effect on both k d and e m of the pathogen and consequently had a strong propensity to inhibit pathogen adhesion on HT-29 cells. Multiple kinds of receptors present on host cells may play a role in the adhesion of LAB as well as gastrointestinal pathogens [2, 49, [56] [57] [58] . Based on principal component analysis, it may be presumed that the strong adhesion of these LAB strains is likely driven by their efficient interactions with high affinity receptors on HT-29 cells. However, it is also possible that these LAB strains may additionally bind to receptors critical for pathogen adhesion and diminish their accessibility. Consequently, the competing pathogen may be able to bind to other available receptors having low affinity, which is perhaps manifested as an increase in the k d and decrease of the adhesion process in the case of the pathogen. Secondly, since these LAB strains inherently display strong adhesion potential and adhere onto HT-29 cells in high numbers (Table S1 ), E. faecalis and S. aureus adhere in fewer numbers, leading to a decrease in e m of the pathogens. Thus, the principal component analysis results suggest that these LAB strains, which significantly deter pathogen adhesion onto the host cell (evidenced by the large change in k d and e m of the pathogen) perhaps qualify as probiotic strains that may be suitable in therapeutic interventions meant for imparting long-term effects in the gastrointestinal niche, such as in eliciting immunomodulatory responses in intestinal cells.
L. plantarum CRA49, L. plantarum CRA52 and L. plantarum MTCC 1325 displayed a high value for component 2 (Fig. 5c, Table S2 ), reflecting that these strains imparted a larger change on k d as compared to e m of the pathogen. Since these LAB strains display superior affinity (k d ) to HT-29 cells as compared to the pathogens (Table S1), they are still able to hinder the pathogen's adhesion, as evidenced in the change in the k d in the case of the pathogens. However, it is to be noted that the adhesion potential of these LAB strains is relatively less as compared to L. rhamnosus GG and L. plantarum DF9 (Fig. 2a , Table S1 ). Consequently, occlusion of the host cell receptors for adhesion of the pathogen is perhaps comparatively less, enabling pathogen adhesion in larger numbers thereof, which is reflected as a minimal change in the e m of the pathogen (Fig. 5c ). In terms of the potential of L. plantarum CRA49, L. plantarum CRA52 and L. plantarum MTCC 1325 in anti-adhesion therapy, principal component analysis seems to suggest that these LAB strains need to be used in large numbers in order to supersede and inhibit adhesion of the pathogen.
Finally, L. plantarum CRA21, L. plantarum 1746 and L. plantarum NCIM 2592 score highly on component 3 (Fig. 5c, Table S2 ), which implies that these strains failed to impart any notable change in either the k d or e m of the pathogen. This observation can perhaps be attributed to their weak adhesion propensity onto HT-29 cells as evidenced previously (Fig. 2a , Table S1 ). Collectively, principal component analysis of the dual-colour FCM data rendered an insightful and quantitative tool to study the mechanistic facets of LAB vis-a-vis pathogen adhesion onto host cells and provided a guideline for selecting appropriate LAB strains that may hold promise in anti-adhesion therapy against gastrointestinal pathogens.
Dual-colour FCM can track selective elimination of host cell-adhered pathogens by LAB bacteriocins vis-a-vis collateral damage by conventional antibiotics Administration of therapeutic antibiotics can impart significant collateral eradication of beneficial gut microbiome, leading to ailments such as antibiotic-associated diarrhea [59] [60] [61] . Given this predicament, there is a distinct need for therapeutic arsenals, which can selectively target the pathogen, causing minimal damage to the beneficial gut microbes. In this context, bacteriocins secreted by LAB are promising as antibacterial agents, owing to their selective activity towards gastrointestinal pathogens such as L. monocytogenes, E. faecalis and S. aureus [24, 62] . However, a facile and accurate screening tool is critical to establish the credibility of bacteriocins in selective antimicrobial therapy. In order to simulate the gastrointestinal niche in a pathogen infection model, an in vitro adhesion assay was set up with both L. plantarum DF9 and E. faecalis MTCC 439 and the effect of extraneously added LAB bacteriocins and model therapeutic antibiotics on both the LAB as well as the pathogen were evaluated by dual-colour FCM analysis. In the absence of any antimicrobial agent, FCM indicated that the percentages of L. plantarum DF9 and E. faecalis MTCC 439 adhered onto HT-29 cells were 44.4 and 37.5 %, respectively (Fig. 6a ). In an independent experiment, when the adhered cells were treated with gentamicin (100 µg ml À1 ), there was a sharper reduction in the population of L. plantarum DF9 (22.1 %) as compared to E. faecalis MTCC 439 (61.8 %) (Fig. 6b) , implying that elimination of E. faecalis by gentamicin was associated with a high cost of collateral damage to L. plantarum DF9. In a separate experiment, addition of plantaricin A (800 AU ml À1 ) on the adhered population of LAB and the model pathogen led to a sharper reduction in the adhered population of E. faecalis MTCC 439 (17.4 %) as compared to L. plantarum DF9 (70.5 %), suggesting that the bacteriocin was selective and could render a preferable eradication of adhered E. faecalis MTCC 439, with minimal effect on the adhered population of L. plantarum DF9 (Fig. 6c ). The analytical merit of the dual-colour FCM analysis in distinguishing collateral damage associated with the use of antibiotics as opposed to selective abrogation of pathogenic bacteria using LAB bacteriocins was further substantiated in experiments with additional antibiotics and bacteriocins (Fig. 6d, e ). The observations of FCM analysis (Fig. 6a-c) was also corroborated in cell-imaging studies, which indicated the presence of relatively higher numbers of either E. faecalis MTCC 439 or L. plantarum DF9 adhered onto HT-29 cells following treatment with either the antibiotic or the bacteriocin, respectively ( Fig. 6f-h) .
Collectively, the present study suggested that FCM-based analysis of differentially labelled LAB and pathogens can be effectively used to study their relative adhesion onto host cells. The reliability of the FCM-based analysis was established as the Bland-Altman analysis indicated that quantification of adhered bacterial cells by FCM analysis was on a par with the conventional plating method. The dual-colour FCM analysis could be leveraged for a comparative assessment of probiotic LAB strains in hindering in vitro pathogen adhesion onto HT-29 cells. Estimation of the adhesion process parameters (k d and e m ) by FCM in conjunction with principal component analysis provided a useful insight on the comparative adhesion propensities of LAB and the model pathogen and provided a means to screen and select probiotic LAB that may hold potential in anti-adhesion therapy. Interestingly, the dual-colour FCM-based adhesion assay was able to discern the antimicrobial spectrum of bacteriocins and conventional antibiotics and highlighted the pros and cons of their use for mitigation of bacterial infections in the gastrointestinal niche. Further, a distinct advantage of this dual-colour FCM-based screening regime was that the study was insightful and could be accomplished in a shorter period of time as compared to conventional practice of enumerating adhered cell population by plating in a selective media.
Infections caused by gut-colonizing pathogens is a contemporary healthcare problem, which demands a radical therapeutic approach. In this context, LAB strains with bacteriocinogenic and probiotic traits are emerging as safe niche-specific therapeutic agents. In order to realize this potential, it is paramount to develop analytical tools that can provide a fundamental understanding of the adhesion potential of LAB onto intestinal cells and also demonstrate their merit in anti-adhesion-based interventions that can selectively target intestinal pathogens. The present study can be considered as a rational step towards this direction and in future it would be interesting to evaluate the scope of the developed method in in vivo studies.
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